24
Originality statement 25 26 The means by which heterotrophic bacteria cooperate and compete to obtain substrates is a key 27 factor determining the rate and location at which organic matter is cycled in the ocean. Much of this 28 organic matter is high molecular weight (HMW), and must be enzymatically hydrolyzed to smaller 29 pieces to be processed by bacterial communities. Some of these enzyme-producing bacteria are 30 'selfish', processing HMW organic matter without releasing low molecular weight (LMW) products 31 to the environment. Other bacteria hydrolyze HMW substrates in a manner that releases LMW 32
products to the wider bacterial community. How these mechanisms of substrate hydrolysis work 33 against a changing background of organic matter supply is unclear. Here, we measured changing 34
rates and mechanisms of substrate processing during the course of a natural phytoplankton bloom 35
in the North Sea. Selfish bacteria generally dominate in the initial bloom stages, but a greater supply 36 of increasingly complex substrates in later bloom stages leads to external hydrolysis of a wider range 37 of substrates, increasing the supply of LMW hydrolysis products to the wider bacterial community. 38 39 40
Introduction 61
Spring phytoplankton blooms in temperate environments are responsible for a considerable 62 portion of annual primary productivity, and via their production and demise, are coupled closely to 63 the transformation and remineralization of organic matter throughout the oceanic food chain. 64
Although the specific interactions among phytoplankton, nutrients, water column mixing, and 65 grazers mean that spatial extents and temporal courses of spring blooms are highly variable 66 (Martinez et al., 2011; Daniels et al., 2015) , dynamic changes in primary producer communities during 67 spring blooms can be closely tracked (Wiltshire et al., 2015; Sarker et al. 2018 ; Scharfe and Wiltshire, 68 2019). Less is known, however, about the composition and structure of complex organic matter that 69 they produce in response to nutrient and light availability, and as they are affected by viruses and 70 grazing (e.g. Daniels et al., 2015) . 71
This complex organic matter is a direct link coupling phytoplankton and the heterotrophic 72 bacterial communities that are responsible for recycling a substantial fraction of primary production 73 (Teeling et al., 2012; Buchan et al., 2014) . The bacterial response to rapidly increasing concentrations 74 of phytoplankton-derived organic matter during blooms is typically dominated by 'boom-and-bust' 75 specialists who opportunistically react to rapidly changing conditions, including members of the 76 Bacteroidetes, Gammaproteobacteria, and Roseobacter (Alphaproteobacteria) (Buchan et al., 2014) . Within these 77 taxa, successive bacterial groups grow and replace one another (Teeling et al., 2012) , with a marked 78 temporal succession in key genes and proteins produced by individual bacterial groups that are 79 linked with the processing of complex organic matter (Teeling et al., 2012; 2016) . The nature and 80 structures of the phytoplankton-derived substrates targeted by specific bacterial groups is only 81 beginning to be revealed through focused genetic and (meta-)genomic analyses that indicate the 82 substrate specialization of specific organisms (Teeling et al., 2012; 2016; Kappelmann et al., 2018; 83 Krüger et al., 2019) . 84
Measurements of the rates at which these bacteria degrade their target substrates, and the 85 turnover rates of complex organic matter pools during a phytoplankton bloom are still lacking, 86 however. Here we seek to fill this gap by measuring hydrolysis rates of polysaccharides, an abundant 87 class of high molecular weight organic matter in algae (Painter, 1983) , and simultaneously tracking 88 changes in the bacterial community during the course of a phytoplankton bloom at Helgoland 89 (North Sea). Polysaccharides must be enzymatically hydrolyzed to smaller sizes in order to be used 90 as substrates by bacterial communities. The structural specificities of the extracellular enzymes 91 produced by bacteria thus help determine which polysaccharides are available for metabolism by the 92 wider microbial community (Arnosti, 2011) . Over a six-week period during the 2016 bloom, we 93 followed basic biological (bacterial cell counts, phytoplankton abundance) and physical/chemical 94 parameters (N, P, Si, Temp). At four distinct timepoints, we measured the rates and mechanisms by 95 which bloom-associated bacterial communities processed complex polysaccharides. 96
Enzymatic processing of polysaccharides by bacteria in the ocean has recently been 97 discovered to be carried out by two distinctly different mechanisms: the first mechanism, long 98 known in microbiology, is referred to here as "external hydrolysis": polysaccharides are hydrolyzed 99 to low molecular weights outside the cell by cell-surface-associated or free extracellular enzymes. 100
The low molecular weight products of external hydrolysis can be taken up by a range of bacteria, 101
including those that did not produce the extracellular enzymes. A second mechanism, "selfish" 102 substrate processing (Cuskin et al., 2015) , builds on a polysaccharide degradation mechanism known 103 for more than a decade from gut microbiology (Cho and Salyers, 2001; Martens et al., 2009 ). With 104 'selfish' uptake, initial hydrolysis of a polysaccharide is coupled directly to transport of the resulting 105 large oligosaccharides into the periplasmic space, producing little or no low molecular weight 106 hydrolysis products in the external environment (Cuskin et al. 2015; Rakoff-Nahoum et al. 2016) . 107
Only recently has the existence and prevalence of 'selfish' uptake been recognized in surface waters 108 of the Atlantic Ocean (Reintjes et al., 2017; 2019) . Across a transect of the North and South 109 Atlantic, the relative contributions of selfish uptake and external hydrolysis to polysaccharide 110 degradation varied by substrate, as well as by location (Reintjes et al., 2019) , with selfish uptake 111 reaching up to 25% of DAPI-stainable cells (Reintjes et al., 2017) . 112
We hypothesize that a range of factors, including substrate availability and complexity, 113 controls the extent of selfish and external hydrolysis at a given location (Arnosti et al., 2018) . Our 114 previous investigations (Reintjes et al., 2017; 2019) , however, were made at single timepoints across 115 a broad transect; in effect, we had point measurements of bacterial communities whose past 116 histories we could only infer. The current investigation provided the opportunity to track both 117 mechanisms of polysaccharide degradation against a clearly-defined background of changing 118 phytoplankton communities, which constitute the major source of substrates for heterotrophic 119 bacteria. 120
Here, we tracked dynamics in phytoplankton and bacterial communities as they responded 121 to changing conditions over the course of a spring bloom. Our focus was particularly on the 122 prevalence and presence of selfish uptake and external hydrolysis over the course of the bloom. We 123 measured both processes by incubating fluorescently-labeled polysaccharides (FLA-PS; Arnosti, 124 2003) in water samples collected at four timepoints during different bloom phases. Time-course 125 subsamples were collected from each incubation to monitor the extent of external hydrolysis, as well 126 as selfish uptake of large fragments of FLA-PS. Samples were also collected for next generation 127 sequencing (NGS) to monitor changes in community composition. External hydrolysis of the FLA-128 PS was measured as the systematic decreases with time of the molecular weight of the added 129 polysaccharide in the incubation water, a process that can be tracked analytically via gel permeation 130 chromatography and fluorescence detection (Arnosti, 2003) . Selfish uptake of the polysaccharides 131 was visualized microscopically in subsamples of water as uptake of the glycan into the periplasmic 132 space of bacteria (Reintjes et al., 2017) . Fluorescent staining in the periplasmic space, particularly at 133 time points in an incubation at which no low molecular weight hydrolysis products are detectable in 134 the external environment, is a clear indication of selfish uptake (Reintjes et al., 2017) . Monitoring the 135 size distribution of FLA-PS in the external environment, as well as the presence of fluorescence in 136 the periplasmic space of bacteria, thus enables us to track in the same incubations mechanisms of 137 polysaccharide processing, as well as rates of enzymatic hydrolysis. 138
Understanding the controls on external hydrolysis and selfish uptake can provide new insight 139 into factors affecting microbially-driven carbon cycling and the composition of heterotrophic 140 microbial communities in surface ocean waters. The mechanism by which high molecular weight 141 polysaccharides are processed in the environment -external hydrolysis, or selfish uptake -can affect 142 the size distribution of bloom-derived organic matter in the water column and thus the extent to 143 which low molecular weight (LMW) hydrolysis products are made available to the rest of the 144 microbial community (Arnosti et al., 2018) . The pool size of LMW hydrolysis products available can 145 in turn affect population dynamics of "scavenging" bacteria that take up LMW hydrolysis products, 146 although they do not produce extracellular enzymes (Arnosti et al., 2018; Reintjes et al., 2019) . The 147 relative balance of selfish uptake and external hydrolysis is thus relevant to the workings of the 148 marine carbon cycle and dynamics of heterotrophic microbial communities. 149
150
Results 151
Bloom development: nutrients, diatoms, and bacterial counts and composition 152
A spring bloom developed in 2016 consistent with previous observations carried out using 153 continuous measurements at Helgoland Roads 154 (https://doi.pangaea.de/10.1594/PANGAEA.864676 ; Fig. S1 ). Temperature increased steadily 155 from 6.2 ºC to 8.8 ºC between our sampling timepoints on March 22 nd , April 5 th , April 19 th , and May 156 3 rd , 2016. These sampling dates are referred to as Hel_1 to Hel_4 in the following text. Nutrient 157 concentrations indicated the development of the bloom, with silicate decreasing from 8.47 µM for 158
Hel_1 to concentrations close to 0.5 µM for Hel_2 to Hel_3, and 0.13 µM for Hel_4. Nitrate 159 concentrations over the same time points also decreased sharply, with concentrations of 21.4 µM on 160
Hel_1 to 9.4, 7.2 and 7.7 µM for Hel_2, Hel_3, and Hel_4. Phosphate concentrations were variable 161 but low (< 0.5 µM) throughout the sampling period. Concurrent with silicate depletion, diatom 162 abundance increased markedly, from 7.9x10 5 cells l -1 at Hel_1 to 1.0x10 6 cells l -1 and 2.6x10 6 cells l -1 at 163
Hel_2 and Hel_3 respectively, before declining somewhat to 2.2x10 6 cells l -1 at Hel_4. The diatom 164 bloom was dominated by centric diatoms, but included a modest contribution of pennate diatoms in 165 the latter phases of the bloom (Fig. 1a ). Bacterial cell counts were relatively constant from Hel_1 to 166 Hel_3, at 5±2 x 10 5 cells ml -1 , before increasing to 9.9 x 10 5 cells ml -1 at Hel_4 (Fig 1b) . The 167 composition of the bacterial community, as determined using FISH staining (see below), also 168 changed somewhat during the development of the diatom bloom, with consistently higher counts of 169 Bacteroidetes (CF319a) than Gammaproteobacteria (GAM42a), but a stronger relative increase in 170
Gammaproteobacteria from Hel_1 to Hel_4 (Fig. 1c ). Counts for Rhodobacteraceae (ROS537) were 171 variable but increased overall from Hel_1 to Hel_4. 172
173

Incubation experiments 174
Extracellular enzyme activities: 175
We measured the hydrolysis rates and the substrate spectrum of polysaccharide hydrolase Enzymatic hydrolysis rates, as well as the number of substrates (the spectrum of substrates) 193 hydrolyzed, changed notably during the development of the bloom ( Fig. 2a ). Initially, at Hel_1, only 194 laminarin and xylan hydrolysis were measurable; hydrolysis rates were comparatively low (2-4 nmol 195 monomer L -1 h -1 ). At Hel_2, hydrolysis rates of laminarin and xylan were somewhat higher, 6 to 8 196 nmol monomer L -1 h -1 , rates that were maintained through the rest of the incubations. At Hel_2, 197 chondroitin hydrolysis was first measurable at a low rate (1 nmol monomer L -1 h -1 ) at the 9 day 198 timepoint. At Hel_3, carrageenan hydrolysis was first measurable at the 9 day timepoint, at a rate of 199 3 nmol monomer L -1 h -1 (chondroitin hydrolysis was not tested at Hel_3). By Hel_4, carrageenan 200 and chondroitin hydrolysis were both measurable by the 6 day incubation timepoint, and the rate of 201 chondroitin hydrolysis had increased to 6 nmol monomer L -1 h -1 by the 9 day timepoint. Thus, the 202 spectrum of substrates hydrolyzed, the initial timepoint at which hydrolysis was detected, and 203 hydrolysis rates of specific polysaccharides increased from Hel_1 to the later bloom stages. 204
Intriguingly, no arabinogalactan hydrolysis was measurable at any timepoint, although cell staining 205 indicated selfish uptake of this substrate (see below). No enzyme activities were measurable in the 206 autoclaved seawater with added polysaccharides. 207 208
Cell counts 209
Cell counts in the incubation experiments varied with incubation time as well as with 210 timepoint during the bloom (Fig. 2b ). Hel_1 showed little overall change in numbers, with the 211 exception of the carrageenan incubation, which showed a doubling of cell counts (from ca. 1 to 2 x 212 10 6 cells ml -1 ). Initial cell counts for Hel_2 were lower than for Hel_1, but increased with time to the 213 3 or 6 day timepoint before decreasing again. Initial cell counts at Hel_3 were similar to those at 214
Hel_1, but unlike for Hel_1, in Hel_3 cell counts in all incubations increased considerably with time. 215
In all incubations, cell counts for Hel_3 reached a maximum of 2.5 x 10 6 to 3.5 x10 6 at the 3 day 216 timepoint, and decreased to close to initial values (ca. 0.75 to 1.2 x 10 6 cells ml -1 ) at day 9. Cell 217 numbers for Hel_4 were initially higher (consistent with cell numbers from the environment; Fig.  218 1b), but peaked at day 1 for all incubations, and decreased thereafter. The temporal patterns ( Fig.  219 2b) in cell counts were not significantly different within bloom phases for amended and unamended 220 incubations (ANOVA: F = 0.5, p = 0.78), suggesting that overall patterns in cell numbers were 221 driven by factors such as cell growth on natural organic matter from the bloom included in the 222 incubations, as well as decreases in cell counts due to viruses or grazers, rather than growth in 223 response to addition of FLA-PS to the incubations. Colwellia again increased strongly ( Fig. 3, Fig. S3 ). 243
Summarizing overall community composition throughout the time course of incubation, 244
Hel_1 (and to a lesser extent, Hel_4) showed communities that were distinctly different from the 245 more similar Hel_2 and Hel_3 incubations ( Fig. 4 ). Statistical analysis of the overall community 246 compositions demonstrated that bloom phase and sampling timepoint within a bloom phase each 247 significantly influenced overall community composition (Table 1) , whereas the specific FLA-PS 248 added ('substrate' in Table 1 ) did not. These factors -bloom phase and sampling point -had 249 different weights for the three major phylogenetic groups considered "master recyclers" (Buchan et 250 al., 2014) . Among the Bacteroidetes and the Rhodobacteria, the predominant response was related to 251 bloom phase (Hel_1 to 4; ANOSIM R = 0.76 and R = 0.56 p-value = 0.001, respectively). As shown 252 by the NMDS plots in Fig. S2 , all incubation timepoints of Hel_1 separated considerably from 253
Hel_2 to Hel_4. Moreover, Hel_4 was mostly (for Rhodobacteria) or completely (for Bacteroidetes) 254 separated from Hel_2 and Hel_3. In contrast, although the Gammaproteobacteria initially separated by 255 bloom phase, over the course of the sampling timepoints they converged to the same genera (most 256
notably Colwellia). Thus, sampling timepoint (rather than bloom phase) was the factor that most 257 distinguished the Gammaproteobacteria (ANOSIM R = 0.55, p-value = 0.001, Fig. S2 ). 258 259
Bacterial staining by FLA-PS and FISH 260
The abundance and activity of 'selfish' bacteria was determined by tracking cellular uptake of 261 FLA-PS in the same incubations set up for enzyme activity measurements (Reintjes et al., 2017) . 262
Selfish uptake was substrate as well as bloom-phase dependent. At all bloom phases, laminarin was 263 consistently taken up by a larger fraction of the bacterial community than the other substrates ( Fig.  264 5). The fraction of cells taking up laminarin increased from 14% at Hel_1 to a maximum of 29% at 265
Hel_2. It remained high with maxima of 20% and 25% of total DAPI-stained cells at Hel_3 and 266
Hel_4, respectively. The fraction of cells taking up xylan, chondroitin, and arabinogalactan also was 267 higher at timepoints after Hel_1, but the fraction of total cells taking up a substrate was considerably 268 smaller than for laminarin: for xylan, maximum uptake was 14% for at Hel_3, for chondroitin the 269 maximum was slightly over 5% for Hel_2 (no incubations with chondroitin for Hel_3), and 270 maximum arabinogalactan uptake was 12% for Hel_2 ( Fig. 5 ). Note that carrageenan uptake could 271 not be counted, since the background fluorescence from this gel-forming substrate was too high. 272
Overall, selfish staining was highest at Hel_2 ( Fig. 5 ). 273 FISH staining was carried out using the probes CF319a and ALT1413 to identify the overall 274 presence of Bacteroidetes and Alteromonadales in the incubations. In the laminarin incubations, a high 275 fraction (10 to 40% of DAPI-stainable cells) were CF319a positive ( Fig. S4 ). These incubations also 276 had a typically smaller and more variable fraction of ALT1413 positive cells, ranging from nearly 277 zero for Hel_1 to a high above 30% for Hel_2 to 3%-20% for Hel_3 and Hel_4 (Fig. S4 ). This 278 pattern of variable proportions of ALT1314-stainable cells and a generally high fraction of CF319a-279 positive cells also characterized the xylan, chondroitin, and arabinogalactan incubations. Carrageenan 280 incubations were not analyzed using FISH due to high background fluorescence. 281
A variable proportion of these ALT1413 and CF319a-stained cells were identified as 'selfish' 282 Bacteroidetes were among the most prominent responders (Fig. 3, Figs. S2, S3 ). The nature of the 316 responses among these groups varied, however. The development of dominant Bacteroidetes and 317
Alphaproteobacteria genera separated clearly among bloom phases, likely as a result of changes of 318 bacterial community composition over the course of the bloom (Fig. 3, Fig. S2 ). Although the 319
Gammaproteobacteria present at t0 ( Fig. S2 ) also differed by bloom phase, the specific increase in 320
Colwellia in all bloom phase incubations decreased the overall gammaproteobacterial community 321 dissimilarity, and thus drove the overall composition from different initial starting points in a similar 322 direction during the course of the incubations (Fig. S2 ). This strong response is not surprising, as 323
Colwellia is regarded as a 'boom and bust' specialist (Teira et al., 2008) , highly responsive to the 324 presence of complex organic matter, including in amendment incubations with diatom-derived high 325 In addition to the compositional response, the development of the bloom triggered a clear 334 functional response among the bacterial community, characterized by an increase in potential 335 polysaccharide hydrolysis rates and a broadened spectrum of polysaccharide hydrolase activities 336 between the early and the later phases of the bloom (Fig. 2a ). These responses are likely due to 337 increased quantity as well as higher complexity of organic matter available during the course of the 338 bloom (Krüger et al., 2019) . Hel_1 was taken early in the first diatom bloom after the winter, 339 conditions under which little bioavailable HMW organic matter would be present. We suggest that 340 over the course of the next 6 weeks, the concentrations and the complexity of the polysaccharides 341 increased, simultaneous with the complexity of the phytoplankton community as the Centrales-type 342 diatoms dominant in Hel_1 transitioned to a mixture containing Pennales and coccolithophorids 343 that was still dominated by Centrales (Fig. 1a ). As the bloom progressed, the glycan pool diversified, 344 containing increasing quantities of polysaccharides of higher complexity as well as freshly released 345 polysaccharides. The early bloom phase showed hydrolysis only of laminarin and xylan, which are 346 compositionally less complex than chondroitin and carrageenan; the hydrolysis of these latter two 347 substrates began only after the initial phase of the bloom (Fig. 2a ). These developing responses to 348 the presence of specific polysaccharides likely reflected transitions in the bloom-associated microbial 349 community, with bacteria possessing the highly specific enzymes required to depolymerize more The incubations with carrageenan and chondroitin highlight the intertwined roles that 358 bacterial community capabilities and substrate complexity play in determining the fate of bloom-359 derived organic matter. Both carrageenan and chondroitin were hydrolyzed only after the initial 360 bloom phase; sequencing of the carrageenan and chondroitin incubations in the latter phase of the 361 bloom revealed communities that were distinctly different -especially among members of the 362 Bacteroidetes (Fig. 3, Figs. S2, S3 ) -from those in the laminarin, xylan, and control incubations at the 363 same timepoint, as well as from incubations with carrageenan and chondroitin early in the bloom 364 ( Fig. S3 ). These two substrates provide an example of a substrate-driven effect on microbial 365 community composition (Landa et al., 2013) . The prominent response later in the bloom of the 366 bacteroidetal genus Flavicella (Fig. 3, Fig. S3 ) to both carrageenan and chondroitin, moreover, 367
suggests that it may have a role in the degradation of these complex, charged substrates, in 368 accordance with the idea that certain heterotrophs are selectively able to utilize organic matter from 369 specific phytoplankton (Sarmento et al., 2012) . 370
The heterotrophic bacterial community responded to the development of the bloom not 371 only with increased activities of extracellular enzymes that yield lower molecular weight 372 polysaccharide fragments outside the cell; some members of the community also increased 'selfish' 373 uptake of substrates. Laminarin uptake, which is readily induced (Reintjes et al., 2017) , was high 374 already for Hel_1, with 14% of DAPI-stained cells binding this FLA-PS at t0 (~ 15 minutes after 375 substrate addition; Fig. S5 ). A considerable fraction of bacteria incorporated laminarin at t0 at 376 subsequent bloom sampling times, reaching a maximum slightly over 25% of total cell counts at t0 377 for Hel_4. Through the course of each bloom incubation, the fraction of cells taking up laminarin 378 varied by time point (Fig. 5 ), but overall remained at a high level. Uptake of chondroitin and 379 arabinogalactan changed considerably during the bloom, with initial values less than 3% of total cell 380 counts throughout the Hel_1 incubation, increasing to ca. 6-12% at Hel_2, and decreasing to 381 somewhat lower values (arabinogalactan) to very low levels (chondroitin) for later bloom phases. 382
Xylan uptake changed less between bloom sampling times, typically reaching a maximum of 8-14% 383 of total cells at some point in each of the incubation series, although initial uptake (at all but Hel_2) 384 was low. The percentage of total cells taking up laminarin and xylan is similar to previous 385 measurements in the northern temperate province of the North Atlantic (Reintjes et al., 2017) ; 386 chondroitin and arabinogalactan uptake overall are somewhat lower than previously seen in the 387 northern temperate province (Reintjes et al., 2019) . 388
Consideration of the 'selfish' bacteria that became stained with FLA-PS reveals several 389 intriguing features. No hydrolysis of arabinogalactan was measured, yet 1-12% of total cells showed 390 'selfish' uptake of this substrate, with overall higher uptake percentages after Hel_1 (Fig. 5 ). In these 391 incubations, therefore, arabinogalactan processing appears to have occurred solely via selfish 392 pathways, with no detectable production of low molecular weight hydrolysis products in the external 393 environment. This pattern of solely-selfish uptake contrasts with our previous investigation, in 394 which both external hydrolysis and selfish uptake of arabinogalactan was measurable at all five 395 stations in the North and South Atlantic (Reintjes et al., 2019) . In that investigation, however, 396 fucoidan was also taken up in a 'selfish' manner, with no detectable extracellular hydrolysis (Reintjes 397 et al., 2019) . Possibly there are links between selfish uptake and initiation of extracellular hydrolysis, 398 particularly for the more complex substrates. If selfish uptake is also coupled to low production of 399 external hydrolysate (as has been shown for some members of the Bacteroidetes; Rakoff-Nahoum et 400 al., 2016), then perhaps a threshold concentration of arabinogalactan hydrolysis products was not 401
reached to initiate such activity at Helgoland. 402
Another intriguing observation relates to our efforts to identify the selfish bacteria by FISH. 403
The term selfish uptake has been coined for gut Bacteroidetes (Cuskin et al., 2015) ; again in this study, a 404 fraction of the marine Bacteroidetes -mostly members of the class Flavobacteriia -were shown to 405 behave selfishly with respect to the substrates tested ( Fig. 5 ). Not surprisingly, even comparatively 406 structurally simple glycans such as laminarin are not taken up by all marine Bacteroidetes (Fig. S4) ; 407 comparative genome analysis of 53 strains of marine Bacteroidetes suggested that only 33 have the 408 canonical polysaccharide utilization loci for laminarin (Kappelmann et al., 2018) . The same 409 consideration applies to Alteromonas, where a very small fraction of the cells was stained by FLA-PS 410 (Fig. 5) . In both cases, part of the underlying cause for unstained cells may be that the respective 411 genes are absent or not induced; insufficient FISH probe coverage is also a possibility. At most 412 timepoints and for most incubations, a sizable fraction ranging from 45% to 100% of the selfish 413 bacteria were not detected with the FISH probes used. This observation suggests that bacteria other 414 than Bacteroidetes and a few members of the Gammaproteobacteria may be involved in the uptake of 415 Multiple organisms and factors interact during a phytoplankton bloom, changing the 422 quantity and nature of organic matter produced and consumed by heterotrophic microbial 423 communities, and also the strategies used to consume fractions of differing complexity. Here, it is 424 important to note that measurements of selfish bacteria sampled immediately (~ 15 minutes) after 425 substrate addition likely reflect the conditions in the field during the bloom. Looking at these time-426 zero points, a clear distinction between laminarin on the one hand and the other substrates on the 427 other is evident (Fig. S5 ). Initial laminarin uptake was high at Hel_1 (14% of total cell counts), and 428 became higher during the course of the bloom, reaching 25% at Hel_4. For arabinogalactan, 429 chondroitin, and xylan, initial uptake at time zero at Hel_1 was low (ranging from 0 to 3%), 430 increased substantially at Hel_2, and decreased again at Hel_3 and Hel_4 to 0 to 3% of total cells. 431
Integration of these data in a schematic figure (Fig. 6a) shows that the early bloom phase (Hel_1) is 432 characterized by low selfish uptake, except for laminarin, and a limited range of polysaccharide 433 hydrolase activities ( Fig. 2a ). Two weeks further into the increasing bloom (Hel_2), more -and most 434 likely more complex -organic matter is available as diatom numbers rapidly increase, and are turned 435 over by grazers and viruses (Fig. 1a ). Selfish organisms are now more numerous and diverse with 436 respect to the substrate transported. They presumably have had sufficient exposure to a broader 437 range of substrates such that selfish uptake is induced or that selfish bacteria have increased in 438 relative abundance (Reintjes et al., 2017) . Extracellular hydrolysis rates are also higher, and a slightly 439 wider spectrum of substrates is hydrolyzed. At the late bloom stage (Hel_4), even more organic 440 matter of greater complexity is available, and bacterial cell numbers have increased substantially (Fig.  441 1b). This increase must have included bacteria that carry out external hydrolysis, since a broad 442 spectrum of substrates is hydrolyzed. Selfish uptake remains high primarily for laminarin, but much 443 less so for the other substrates, presumably because the selfish bacteria doubled less rapidly than the 444 external hydrolyzers in response to the rapid increase in organic matter, or they were killed by 445 viruses or grazers. At this stage, external hydrolyzers become more important for the degradation of 446 the more complex substrates. 447 Short-term changes in polysaccharide utilization mechanisms are likely driven in part by the 448 quantity and complexity of available substrates: initial exposure to readily-dissolved substrates such 449 as laminarin can lead to rapid selfish uptake, and hoarding of substrate for those cells. When organic 450 matter supply is sufficient to fuel a larger community and is enriched in particulate organic matter, 451 external hydrolysis becomes more prevalent (Fig. 6b ). It is intriguing that laminarin is taken up by a 452 selfish mechanism throughout the bloom, and that the fraction of selfish uptake increases even as 453 external hydrolysis increases. This situation likely reflects the fact that in diatom-dominated blooms, 454 laminarin is constantly released in large quantities. Global production of laminarin is estimated to be 455 on the order of 5-15 Gt annually (Alderkamp et al., 2007) ; it therefore must constitute a major energy 456 source for many marine bacteria. 457
These interactions between selfish and sharing bacteria have major implications for 458 downstream carbon flow: scavenging bacteria profit from low molecular weight substrates provided 459 by the external hydrolyzers, but not -for the most part -from the activities of selfish bacteria 460 (Arnosti et al., 2018) . The quantity and type of substrates available to feed the downstream bacterial 461 foodchain thus are closely linked to these upstream processes. Sarmento and Gasol (2012) found 462 that uptake of dissolved organic carbon (DOC) from a variety of phytoplankton varied markedly 463 among major phylogenetic groups of heterotrophic bacteria, and that with an increase in DOC 464 quantity, quality became less important (Sarmento et al., 2016) . We find that the mode of substrate 465 processing -selfish or external hydrolysis -varies markedly by substrate as well as by bloom phase, 466 i.e. by substrate quality, by substrate quantity, and also by the bloom-stage dependent composition 467 of the heterotrophic bacterial community. Quality determines the specific enzymatic requirements 468 for selfish bacteria, as well as abundance of 'specialist' bacteria among external hydrolyzers, as seen 469 for carrageenan and chondroitin. Quantity seems to be important in fueling the growth of external 470 hydrolyzers that produce a broader range of hydrolysis products that presumably fuel scavenging 471 bacteria as well as the external hydrolyzers: with higher quantities of a substrate, a wider fraction of 472 the total heterotrophic community can benefit. The bloom-stage composition of the heterotrophic 473 bacterial community helps determine the predominance of the individual mechanisms of substrate 474 utilization, based on genomic specialization and linked community-level interactions. 475 476 Experimental procedure 477
Sampling and Substrate Incubations 478
Seawater samples were collected near the island of Helgoland in the German Bight at the 479 long-term monitoring station Kabeltonne (54°11'03" N, 7°54'00" E). 25 L of seawater was collected 480 between 10:00 -12:00 on March 22 nd , April 5 th , April 19 th , and May 3 rd , 2016. The samples are 481 referred to as Hel_1 to Hel_4, respectively. Due to the abundance of organic matter, samples Hel_2, 482
Hel_3 and Hel_4 were prefiltered through a 142 mm diameter 10 µm pore-size polycarbonate filter 483 (Milipore) by peristaltic pump (<200 mbar) for the incubations (see below). 484
At each sampling date, fifteen 650 ml subsamples were placed into acid-washed sterile glass 485 bottles and incubated with one of five fluorescently labelled polysaccharides (FLA-PS) for a total of 486 9 days, with the exception of Hel_1, for which the incubations only lasted for 6 days. Single 487 substrates (fluoresceinamine-labelled laminarin, xylan, chondroitin sulfate, arabinogalactan, and 488 carrageenan) were added at a concentration of 3.5 µM monomer equivalent. Additionally, a no-489 addition control, consisting of a 650 ml subsample incubated in a sterile glass bottle without added 490 polysaccharide, and five killed controls, consisting of 50 ml subsamples of autoclaved seawater 491 incubated with polysaccharides, were taken at each time point (0, 1, 3, 6, and 9 days). All of the 492 enzyme activities were monitored for Hel_1, Hel_2, and Hel_4; due to a lack of available substrate, 493 chondroitin sulfate was not included in the measurements for Hel_3. 494 Fluorescently labeled polysaccharides (FLA-PS) laminarin, xylan, chondroitin sulfate, 514 arabinogalactan, and lamda-carrageenan were synthesized and characterized following the procedure 515 described in Arnosti (2003) . In brief, polysaccharides (Sigma-Aldrich) were dissolved in milli-Q 516 water, activated with CNBr, injected onto a column of Sephadex gel (G-25 or G-50, depending on 517 the molecular weight of the polysaccharide), and the initial peak (followed via absorbance at 290 nm 518 using a UV-Vis detector) was collected into a vial containing fluoresceinamine. The labeled 519 polysaccharide was separated from unreacted fluorescent tag via an additional round of column 520 chromatography or by using Vivaspin 20 concentrators (Vivaproducts). Arabinogalactan was labeled 521 using the procedure described (Arnosti 2003) for chondroitin sulfate and laminarin. Lamda-522 carrageenan was also labeled using this procedure, but only 10 mg of lamda-carrageenan were 523 initially dissolved in 2 ml milli-Q water, and the solution was filtered through a 0.8 um pore-size 524 disposable filter that was rinsed twice with 500 ul milli-Q water to constitute the initial 525 polysaccharide solution for activation. FLA-PS were chemically characterized by measuring 526 carbohydrate content (Chaplin and Kennedy, 1986 ) and fluorescent tag abundance via absorbance at 527 490 nm. 528 Extracellular enzymes are measured by following the changes in substrate molecular weight 529 with incubation time (Arnosti, 2003) . Since the extent of enzyme activity cannot be determined a 530 priori, samples are collected over a time course and analyzed. As described in considerable detail (and 531 shown in chromatograms in Arnosti (2003) ), hydrolysis of a FLA-PS is detected as the change in 532 substrate molecular weight as the polysaccharide is hydrolyzed to progressively smaller sizes with 533 time; initial hydrolysis of a polysaccharide can be detected only when a sufficient fraction of the 534 added polysaccharide pool has shifted in molecular weight class. For this reason, there is a lag 535 between initial occurrence and initial detection of hydrolytic activity. Samples from the time course 536 incubations (samples collected at 0, 1, 3, 6 and 9 days; for Hel_1, incubations were not run beyond 6 537 days) were injected onto a system consisting of two columns of Sephadex gels connected in series 538 with column effluent passing through a Hitachi fluorescence detector set to excitation and emission 539 wavelengths of 490 and 530 nm, respectively. Columns are standardized with commercially-available 540 FITC dextran standards (50 kDa; 10 kDa; 4 kDa; monomer; free tag; all from Sigma) so the elution 541 time corresponding to different molecular weight classes is known. The extent to which hydrolysis 542 can be detected is limited by the resolution of the gel permeation chromatography system, since 543 hydrolytic activity is only detectable when a measurable fraction of the added polysaccharide pool is 544 shifted to a lower molecular weight class. 545
Substrate Staining, FISH and Automated Microscopy 546
All cell staining, FISH, and microscopy was done as described in detail in Reintjes et al. 547 (2017) . Briefly, total cell counts were determined by staining with 4',6-diamidino-2-phenylindole 548 (DAPI). Cells were counted using the automated image acquisition and cell couting system described 549 After amplification the PCR products were size selected using Agencourt AMPure XP 573 (BeckmanCoulter, Krefeld, Germany). All template libraries and final sequencing pools were 574 analysed on a fragment analyser (AATI, USA) using the DNF -472 standard sensitivity NGS kit 575 sizing DNA (AATI, size range from 25 bp -5,000 bp and up to a minimum of 0.1 ng µl -1 ) as 576 recommended by the manufacturer 577
Ion Torrent Sequencing and Raw Sequence Processing 578
All substrate incubations of Hel_1, to Hel_4 for time points t0, 3 days, and 6 days were 579 sequenced using an Ion Torrent PGM platform (Thermos Fisher). Library preparation was done as 580 recommended by the manufacturer using an Ion OneTouch 2 Instrument (Thermo Fisher), Ion 581
OneTouch ES instrument (Thermo Fisher) and the Ion PGM Hi-Q View OT2 kit. Subsequently, 582 the libraries were sequenced on an Ion Torrent PGM sequencer (Thermo Fisher) using the Ion 583 PGM Hi-Q View Sequencing Kit (Thermo Fisher) and Ion 314 chip v2 (Thermo Fisher) with a total 584 of 1200 flows per sequencing run. 585
The raw reads were quality trimming using user define "stringent" settings in the Torrent 586
Suite software (Thermo Fisher, Stringent settings:--barcode-mode 1 --barcode-cutoff 0 --trim-qual-587 cutoff 15 --trim-qual-window-size 10 --trim-min-read-len 250). The remaining high quality reads 588 were classified using the standard settings of the SilvaNGS pipeline . Briefly, the 589 pipeline processing involved alignment against the SSU rRNA seed of the SILVA database release 590 132 using SINA v1.2.10. and subsequent quality controls for sequence length (> 591 200 bp), minimum quality score (30), minimum alignment score (40), minimum alignment identify 592 (40%), maximum ambiguities (< 2%) and maximum homopolymers (< 2%). The remaining reads 593
were then de-replicated and clustered using cd-hit-est (version3.1.2; Li and Godzik, 2006) , running 594 in accurate mode, ignoring overhangs and applying identity criteria of 1.00 and 0.98, respectively. as in Fig. 2a ) and selfish uptake at t0 (plots from Fig. S5 ), shown below the main schematic diagram. 812
During the early bloom phase, both external hydrolysis and selfish uptake are low, except for 813 laminarin, a widely-available substrate. During the bloom phase, more complex substrates also 814 become available; a broader range of substrates are taken up via a selfish mechanism; external 815 hydrolysis rates increase somewhat. The late bloom phase is characterized by greater quantities of 816 more complex substrates that support bacteria carrying out external hydrolysis; these bacteria double 817
quickly. Fewer selfish bacteria are supported, since much of the substrate is hydrolyzed externally to 818 low molecular weights. Because of the high quantity of laminarin available throughout the bloom, it 819 is processed by both selfish and external hydrolysis even in the late bloom phase (see Fig. 6b ). 820 821 Fig. 6b : Substrate complexity and quantity both affect the nature of substrate processing. In the early bloom 822 stages, selfish bacteria become more active as a wider range of substrates are initially made available. 823
Increasing quantity of these substrates, however, leads to more rapid doubling of bacteria that carry 824 Hel_4. Note that no chondroitin incubation was carried out for Hel_3. These data are the same as 858 the t0 timepoints in Fig. 6a , replotted here for clarity. 859 860 861 Table 1 Permutational PERMANOVA test show influence of factors: "substrate", "bloom phase", and "sampling timepoint" on community composition, p-values were obtained using sum of squares and 999 permutations. ANOSIM performed with 999 permutation. d.f. degrees of freedom, SS sum of squares, * denotes significance (p<0.001). Figure 1 a- Relative abundance (%DAPI) 0 1 3 6 9 0 1 3 6 9 0 1 3 6 9 0 1 3 6 9 HEL_1 HEL_2 HEL_3 HEL_4 0 1 3 6 9 0 1 3 6 9 0 1 3 6 9 0 1 3 6 9 HEL_1 HEL_2 HEL_3 HEL_4 0 1 3 6 9 * * * * * * * * 0 1 3 6 9 0 1 3 6 9 0 1 3 6 9 HEL_1 HEL_2 HEL_3 HEL_4 * Reintjes et al. Figure 5 Bloom 
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